The use of graphene-based materials (GBMs) for tissue-engineering applications is growing exponentially due to the seemingly endless multi-functional and tunable physicochemical properties of graphene, which can be exploited to influence cellular behaviours. Despite many demonstrations wherein cell physiology can be modulated on GBMs, a clear mechanism connecting the different physicochemical properties of different GBMs to cell fate has remained elusive. In this work, we demonstrate how different GBMs can be used to cell fate in a multi-scale studystarting from serum protein (Fibronectin) adsorption to molecular scale morphology, structure and bioactivity, and finally ending with stem cell response. By changing the surface chemistry of graphene substrates with only heating, we show that molecular conformation and morphology of surface adsorbed fibronectin controls epitope presentation, integrin binding, and stem cell attachment. Moreover, this subtle change in protein structure is found to drive increased bone differentiation of cells, suggesting that physicochemical properties of graphene substrates exert cell control by influencing adsorbed protein structure.
Introduction
Graphene-based substrates are emerging as promising next generation biomaterials for tissue engineering applications. Many studies have shown promising results where different cells respond favorably to graphene-based materials (GBM), demonstrating strong biocompatibility. [1] [2] [3] Particularly for tissue engineering and regenerative medicine, stem cell differentiation has been reported to change in response to different GBMs. 4 Researchers have used GBMs in various forms: as films, in porous scaffolds, as substrate coatings, and in reinforced materials for stem cell based tissue engineering applications. 2, 3 While many of these studies highlight the significant impact of graphene nanoparticles and surfaces on stem cell function, a clear mechanism connecting the different physicochemical properties of GBMs with stem cell fate is yet unknown. Nevertheless, studies have shown that roughness, surface chemistry, wettability, conductivity and mechanical properties of graphene surfaces all modulate cell fate, 2, 5, 6 but how each of these properties uniquely influence stem cell is not well understood. Given the large enumeration of results in this area, a strong need exists to better relate graphene substrate physicochemistry with cell behaviour from a mechanistic picture to highlight the essential features of GBMs that can tune cell fate.
It is well documented that nearly all biomaterials adsorb proteins upon contact with blood or serum. The molecular adsorption of proteins and other molecules to biomaterials can strongly control how cells perceive and react to biomaterials. GBMs are no different and have been shown to adsorb numerous proteins on their surfaces, similar to other biomaterials, which no -doubt modify the GBM ultimately presented to the cells. [7] [8] [9] [10] Chong et al. demonstrated that, depending on surface properties of graphene oxide (GO) and reduced graphene oxide (RGO), the serum proteins bovine serum albumin (BSA), fibrinogen (FG), Transferrin (Tf) and Immunoglobulin (Ig) not only adsorbed, but also interacted and oriented differently. 11 The interaction and orientation of adsorbed proteins on the GBM substrates then presented the biochemical and topographical interface for stem cell interaction. The sensitive nature of stem cells to the interfacial protein structural matrix via cell surface receptors 12 (such as integrins) makes elucidating and controlling the interaction and conformation of ECM proteins with GBMs critical for deterministically controlling cell fate response. Hence, a complete picture showing how GBMs with different physicochemistry modify ECM protein interaction and conformation and downstream stem cell function is necessary.
Despite its importance, surprisingly few studies have highlighted the role of adsorbed interfacial protein on graphene surfaces influencing stem cell response. [13] [14] [15] Lee et al. demonstrated that adsorbed insulin on pristine graphene undergoes denaturation whereas insulin on GO retained its conformation and activity. As a result, the authors suggested that GO provided active preconcentrated insulin for stem cell interaction, resulting in better adipogenic differentiation. 13 In addition, the authors used computer simulation and circular dichroism (CD) spectra of insulin extracted from the GBM surfaces to comment on insulin structure. From this study, it is tempting to link the substrate-induced structure of insulin to more adipogenic differentiation; however, no
Results and discussion

Preparation and characterization of GBM substrates
GO and RGO coated glass substrates were prepared by spin coating GO on to cleaned glass substrates ( Figure S1) . Spin coating has been reported to provide a uniform film thickness of GO over a large area with high reproducibility 16 due to rapid evaporation of solvent that improves interaction between GO and hydrophilic substrates. This process provides strongly adhered, continuous films with minimal wrinkling. 16, 17 We produced continuous GO films having a thickness of ~ 5.5 nm on UVO-treated glass (Figure S2(a) ). RGO was produced from GO substrates by classical low thermal reduction of GO substrates 18, 19 (Explained in detailed in Supplementary Information). RGO substrates had a blackish appearance (compared to a slight brown tint of GO), consistent with reduction of oxide groups (Figure S1) and verified with XPS (Figure 1(a) and Table 1 ). Physicochemical characterization of GO and RGO substrates showed coated flakes were smooth and continuous with distinguishable edges of individual sheets lying flat on a glass surface without wrinkles (Figure S2 (b) and (c)). Importantly we found that thermal reduction of GO to RGO did not produce any significant morphological difference apart from apparent decrease in flakes thickness (Figure 1(b) ), which is consistent with previous work showing that the thickness of an individual GO sheet reduced from 1.1 nm to 0.8 nm after thermal reduction. 20, 21 Upon thermal reduction more than 50% of epoxy, carbonyl and carboxyl functional groups were removed; however, the hydroxyl functional groups were almost unchanged (Figure 1(b) and Table 1 ). Studies have shown that highly stable hydroxyls and carbonyl groups are difficult to remove from the graphene sheet edges at low temperature reduction without inducing detects; 18, 19 as a result, RGO retains 15 -25 % residual oxygen concentration upon low thermal reduction.
Additional characterization with Raman spectroscopy of the intensity ratio of D and G bands (ID/IG) of GO and RGO showed that removal of oxygenated functional groups partially restored defects in GO (Figure S2 (e) ). From a functional perspective, thermal reduction resulted in an increase hydrophobicity indicated by a contact angle of 95.6 ± 1.3 for RGO in comparison to 44.0 ± 0.4 for GO (Figure 1(c) ). We note that during reduction only a small difference in surface roughness was observed between GO and RGO (Supplementary Information). Hence, it was reasonable to assume the difference in contact angle was mainly due to a change in surface chemistry. Overall, thermal reduction of GO to RGO removed oxygenated functional groups and resulted in two different GBMs, having similar nearly identical physical properties (roughness and defects) but different chemical surface properties (hydrophilicity).
Fibronectin protein adsorption on GO and RGO coated substrates
Real-time FN adsorption on GO and RGO substrates was studied using QCM-D. Clearly. RGO showed a more significant amount of adsorption of FN (nearly 5 times), which is in good agreement with the data obtained from the XPS results (Figure S3(a Higher adsorption of FN on RGO can be attributed to the hydrophobic nature of RGO.
Hydrophobic surfaces having lower surface energy mediated significantly more FN adsorption in comparison to hydrophilic surfaces with high surface energy. 25 This is believed to occur because of energetically favorable displacement of water molecules on graphene hydrophobic surfaces (having low surface energy) by proteins. 26, 27 In addition, FN (having an isoelectric point at pH 5.92) is negatively charged at physiological pH (7.4), which favors more electrostatic adsorption on surfaces with less negative surface charge. 28 GO, having a rich amount of oxygenated functional groups, could provide more negative charge surface at physiological pH in comparison to RGO, resulting in less attachment to GO.
The heterogeneous and differential amount of protein adsorption can complicate the interpretation of bioactivity and biological studies, so we optimized the solution concentration of FN to obtain a more homogeneous and similar amount of FN adsorption on both GBMs. We found that a FN solution concentration of 20 µg/ml produced for GO adsorption resulted in similar FN mass density (692 ng/cm 2 ) as a 5 µg/ml FN solution on RGO (805 ng/cm 2 ) (Figure 2(c) ). These surfaces showed uniform thickness by AFM with 5.6 nm and 7.4 nm for GO and RGO, respectively ( Figure S3 (b) ).
In addition to adsorbed mass density and thickness, QCM-D allows one to study the adsorption energy by quantifying the dissipation per frequency (ΔD/ΔF). The (ΔD/ΔF) quantity is related to hydrodynamic size, packing, conformation, and strength of surface-bound molecules, with larger (ΔD/ΔF) corresponding to more "floppy" and weakly attached species. [29] [30] [31] (Figure 2(d) ), which suggests that FN molecules on GO are more loosely packed and weakly adsorbed compared to those on RGO. 32 As described above, the hydrophilic GO surface having more negative surface charge can provide enhanced surface hydration leading to fewer FN adhesion sites, allowing for a more flexible FN structure on the surface. On the other hand, RGO surface showed lower (ΔD/ΔF) and faster FN adsorption, indicating a more rigid and compact structure during adsorption. We used AFM to further measure the size and morphology of FN on GO and RGO surfaces at high resolution (Figure 2(e) ). Interestingly, FN on GO showed elongated fibrillar structures with an apparent formation of a protein network, whereas FN on RGO appeared as isolated and compact in globular structures. Analyzing the characteristic length of the FN structures GO and RGO (n~80 on each surface), we found a length (LFN) of 108.2 ± 28.1 nm (in agreement with expected length of Fn molecule with elongated morphology nm 33 ) and LFN of 53.1 ± 18.6 nm, respectively. The smaller LFN on RGO is consistent with a stronger, more packed molecular structure inferred from QCM-D measurements.
To verify our hypothesis that FN molecular structure was elongated on GO and compact on RGO, we used nano-IR AFM (nAFM-IR), a technique that can provide nanoscale IR spectroscopic information. IR spectroscopy has been well established to report on protein secondary structure 34 and combined with AFM, we report the first measurements of FN secondary structure on a surface in Figure 3 (a). The AFM topographic and nAFM-IR absorbance image at The nAFM-IR image at 1550 cm -1 clearly shows an elongated fibrillar structure of FN on GO surface whereas FN on RGO shows a compact, round structure. This result is consistent with the high resolution AFM in Figure 2 (e). In addition, we obtained IR spectra from individual FN features on the GO and RGO surface, which showed clear differences in the Amide II band, suggesting a molecular structural change of the protein on the two GBMs (Figure 3(b) ). FN on GO showed a broad single peak centered at 1545 cm -1 corresponding to a disordered β-sheet. On the other hand FN on RGO showed doublet amide II peak with maxima at 1528 and 1556 cm -1 , corresponding to two β-sheet peaks. 35 We note that FN is natively a β-sheet rich protein, showing ~79% β-sheet 36 . Decomposition of the Amide II spectra (Figure 3 (c) and 
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Bioactivity of fibronectin coated GO and RGO
With FN adsorbed to GO and RGO showing distinct morphology and molecular structure, we next evaluated the bioactivity of the adsorbed protein, which is known to depend on the structural conformation of the protein. 37 FN is an ECM protein that is known to possess cryptic, or normally hidden, cysteines as well as other functional binding domains (such as integrin binding sites). Hence, we evaluated if adsorption of FN to GO and RGO exposed bioactive binding sites starting with cryptic cysteine residues. We used maleimide-conjugated Alexa-488 (MA) that binds specifically with free sulfhydryl groups to determine if adsorption of FN molecules to either GBM exposed any cryptic cysteines.
FN has two nearly identical subunits, each possessing two cryptic cysteine units at FnIII7
and FnIII15 (as illustrated in Figure 4(a) ). 38 The cryptic cysteines on FN are about 3 amino-acid residues from the cell-binding Arg-Gly-Asp (RGD) site that engages cellular integrin receptors. 39 Formation of a fibrillary FN network plays a critical role in integrin mediated cell adhesion and differentiation. Our results showed that FN on GO provides such FN fibrillar network without any surface modification. In addition to cryptic cysteines, it is possible that the enhanced FN unfolding on GO also exposed hidden cell binding domains (RDG motifs), which may further facilitate better cell attachment and proliferation. To determine if cryptic RGD sites were also exposed by FN adsorption on GO, we developed an assay for integrin attachment to FN-coated GBMs. Prominent RGDbinding integrins (αVβ3 and α5β1) on mesenchymal cells were coated on polystyrene beads and incubated with FN-coated GO and RGO substrates. After extensive washing, we imaged the attached beads on each substrate to measure the relative amount of exposed integrins for each substrate. We found that bead coated with both integrin showed selectively increased attachment for FN-coated GO compared to FN-coated RGO. αVβ3 and α5β1 coated beads showed on average 5-and 3-fold more attachment, respectively, on FN coated GO (Figure 5) . Thus, the change in graphene chemistry (from GO to RGO) not only affected orientation and molecular conformation of adsorbed protein (FN), but also influenced activity (bioactivity) of protein (FN). 
Stem cell response on fibronectin coated GO and RGO
Selective binding of both integrins to FN on GO clearly shows that GO interaction with FN not only exposes cryptic cysteines, but also functional RGD motifs that engage integrins. To determine if enhanced integrin binding on GO promoted differential cellular response, we (Figure 6(a) ). The absence of serum has been shown to inhibit cell proliferation due to cell cycle arrest and promote senescence. 40 Overall from day 1 to 7, stem cells on neat GO and FN coated GO showed better attachment and proliferation in comparison to RGO and FN-coated RGO (Figure 6(a) ). We note that hMSC attachment on neat (-FN-Ser) GO and RGO occurred even in absence of serum (Figure 6(a) ). Cell attachment on bare substrates are mediated by combinatorial effects of electrostatic, hydrophobic, and non-specific interaction with cell surface molecules. 41 When coating surfaces with FN (+FN-Ser), it simulated adhesion and influenced cell spreading on GO but not on RGOwhere it was inhibitory for cell adhesion. We surmise that the stimulatory effect of adsorbed FN on GO surface arose from elongated fibrillar FN structure with cryptic RGD domain exposed for integrin interaction. As FN on RGO was unfolded to a lesser degree, fewer cryptic RGD domains were exposed decreasing cell attachment.
We also evaluated the early effects (at day 1) of FN coating GBMs for hMSCs in indirect experiments (in the presence of serum). Surprisingly, in presence of serum, FN-coated RGO (+FN+Ser) and pristine RGO without FN (-FN+Ser) had similar effects on stem cell response in terms of cell attachment and morphology at day 1 (Figure 6(a) and (b) ). On other hand, FN-coated GO (+FN+Ser) and control GO (-FN+Ser) indirect experiments resulted in a slight change in morphology between the two conditions. hMSCs on FN-coated GO (+FN+Ser) showed 39% larger area in comparison to cells on pristine GO (-FN+Ser) Figure S5(a) . In addition, hMSCs on pristine GO (-FN+Ser) showed just 8% more attached cells in comparison to pristine RGO (-FN+Ser), but the morphology of attached cells was significantly different. Cells on pristine GO (-FN+Ser) were highly elongated with an aspect ratio of 5.25, whereas cells on pristine RGO (-FN+Ser) showed less elongation with low aspect ratio of 1.79 (Figure S5(b) ). In these indirect experiments with serum, the effect of FN coating on hMSCs was quite different for GO and RGO substrates at day 7. We observed more proliferation onto FN-coated GO compared to RGO (Figure 6(a) ). These results show that addition of FN and serum together provides additional benefit for cell adhesion and growth on GO surfaces. The strong proliferation on both RGO and GO for the indirect experiments can be attributed to additional protein adsorption onto the GBMs (see detail in Supplementary Information; Figure S6 (a) and (b) ). It has been shown that GO surfaces adsorb more than 50 types of serum protein that can provide a multivalent surface for cell attachment. 42, 43 .
It is unclear whether the identity of the adsorbed proteins or the strength of adsorption is more important, but our results suggest that both can have strong effects. The significant difference in stem cell response with FN-coating on GO suggests that the pre-adsorbed FN with increased cryptic RGD exposure enhanced hMSC response. showed only faint expression of ALP, which was increased in presence of FN (i.e +FN+Ser) (Figure 7(a) ). While hMSCs at day 7 showed negligible ALP activity in absence of serum on both pristine (i.e -FN-Ser) and FN-coated (i.e +FN-Ser) GO and RGO substrates, cultures in the presence of serum showed much stronger ALP expression, with FN-coated GO showing the most ALP staining (Figure 7(b) ).
While ALP is an early marker for bone differentiation, mineralization is a late stage marker for osteogenesis. We find negligible calcium mineral deposition by hMSCs in absence of serum on all substrates while the presence of serum boosted mineralization significantly on GO compared to RGO (Figure 7(c) ). In the presence of serum neat GO (-FN+Ser) surface showed around 29% more mineralization compared to RGO (-FN+Ser) whereas after FN coating of GO (+FN+Ser) we found 65% more mineralization in comparison to RGO (+FN+Ser). Thus, FN coating on GO surface improved 140% more mineralization and ALP relative to pristine GO (Figure 7(d) ).
Overall, a small change in GBMs surface chemistry had significant effect on interfacial adsorbed protein from its morphology to conformation, which directly and indirectly influenced stem cell adhesion and fate. 
Proposed mechanism for how GBM chemistry affects fibronectin and stem cell fate
Our experiments unequivocally show that FN adsorption is distinct on different GBMs and that is the catalyst for differences in bioactivity and cell response to these materials. Below we describe a mechanism connecting the GMB physicochemistry, protein adsorption and molecular structure and cell fate. During initial adsorption, FN on hydrophilic GO surfaces interacted weakly and formed elongated structures thus undergoing molecular conformational changes, leading to exposure of cryptic bioactive (RGD) sites (Figure 8(a) ). On other hand, FN on hydrophobic RGO surfaces (with less oxygenated functional groups) interacted strongly forming a compact molecular structure with hidden bioactive sites (Figure 8(b) ). As a result, stem cell integrins (α5β1 and αVβ3)
interacted more on FN coated GO surface resulting in enhanced attachment and cell spreading in absence of serum (a direct interaction indicating how interfacial protein influence cell response).
In addition, due to the elongated fibrillar FN structure on GO, it may not only expose RGD sites but also several other multi domains for interaction with other proteins and growth factors present in serum (Figure 8(c) ). Indeed, pre-coated FN-GO substrates showed strong serum adsorption forming rigid layer of biochemically rich (ECM-like) microenvironment influencing better stem cells differentiation in comparison to FN-RGO (Figure 8(d) ). Overall, subtle changes in graphene chemistry can have significant impact on interfacial adsorbed protein from its morphology to conformation, which can directly and indirectly influence stem cell fate. Slight changes in GBMs physicochemical properties can have significant effect on interfacial protein, which is the main direct source of interaction with cells on given material. 
Conclusion
GBMs such as GO and RGOonly having different chemical surface propertiesshowed distinct influence on stem cell fate, as has been previously shown. We further clarified the origin Hence, this study highlights how different GBM having physicochemical properties can directly influence protein interaction, which in turn provides a unique biochemical microenvironment to cells for interaction. Tuning GBM physicohemistry is a powerful method to steer cell fate with minimal effort yet exquisite control.
Experimental Section
GO and RGO coated glass substrates preparation by spin-coating technique
Graphene Oxide (GO) (a gift from Akimitsu Narita, Max Planck Institute for Polymer
Research) was used for all experiments. GO and reduced graphene oxide (RGO) coated glass substrates were prepared by spin coating. For preparation of RGO coated glass substrates, spin coated GO substrates were vacuum-heated at 200 °C for 6 h. (Detail preparation method and schematics provided in Supplementary Information) 
Characterization of prepared GO and RGO coated substrates
Characterization of Fibronectin morphology and molecular structure
Photo-induced force microscopy, a technique combining nanoscale imaging of AFM with vibrational spectroscopy (Park Scientific) was used to analyze the infrared (IR) spectrum of adsorbed FN on GO and RGO substrates with high spatial resolution. We first scanned the sample in an AC mode in air under ambient conditions to obtain morphology of FN at the nanoscale.
Next, Nano-IR images were obtained by scanning the AFM tip across the surface while irradiating the sample at a fixed wavenumber of 1550 cm -1 , which corresponds to the Amide II band and was selected due to limited laser power at Amide I band (wavenumber of 1650 cm -1 ).
Single spot Nano-IR spectra were collected from 800 to 1800 cm -1 with a spectral resolution of 1 cm -1 and spatial resolution of 10 nm. Spectra reported in the paper were averaged from at least three measurements from different positions. Nano-IR spectra were normalized against quartz substrate signal, and the amide II band was decomposed using OriginPro software by setting component peak locations found by second-derivative analysis of amide II band.
Gaussian functions were used for each sub-peak for spectral decomposition. Peak areas were determined using standard curve-fitting procedures in OriginPro. 
Labelling, visualization, and quantification of Fibronectin cryptic cysteines
Cell studies
Primary bone-marrow derived human mesenchymal stem cells (hMSCs) (Lonza) were cultured in alpha minimum essential media (alpha-MEM, Invitrogen) supplemented with 15% fetal bovine serum (FBS, Gibco), 1% glutamine and 1% antibiotic mixture of penicillin-streptomycin (Sigma). Cells were incubated at 37° C under 5% CO2 atmosphere. The culture media was replaced every three days until cells reached ~70% confluence. For cell passaging and subculture, cells were removed using 0.25% Trypsin (Gibco). Prior to seeding cells, neat GO and RGO coated substrates were placed in 12 well plates and sterilized with 70% ethanol and allowed for drying. FN (20 µg/ml for GO and 5 µg/ml for RGO) was coated as described above. 25000 cells were seeded in presence and absence of serum in each well. For all cell culture studies neat (uncoated), sterilized GO and RGO surface used as controls.
Cell attachment, morphology and proliferation hMSC attachment, morphology, and proliferation on different GBMs surface were studied using a combination of DNA quantification (Picogreen, ThermoFisher) and fluorescence imaging.
The Picogreen assay was performed in accordance to previous reported literature, 45 and fluorescence imaging of hMSCs on different GBMs was done on fixed and permeabilized samples using 3.7% formaldehyde and 0.2% TritonX-100 (Sigma), respectively. Cellular actin filaments were stained with Alexa 488 Phalloidin (100 nM) for 30 min followed by nuclear staining using (14.3 mM) DAPI for 5 min, respectively. The stained cells were imaged using an inverted epifluorescence microscope (IX-81, Olympus) using a 20X, 0.4 NA objective with cellSens software.
ImageJ was used to evaluate cell morphology. Cells were thresholded to create outlines in order to measure cell area and aspect ratio by fitting an ellipse to each cell as reported previously. 46 
Binding assay of integrin-coated microbeads to GBM-immobilized FN
The integrin binding activity of FN on GO and RGO was tested with an integrin-coated bead assay. Recombinant human α5β1 and αVβ3 integrins (R&D Systems Bio-Tech) (100 µg/ml) and fluorescent microbeads (Fluoresbrite-Carboxylate, 1.75µm diameter) suspended in PBS (10 8 beads/ml) were mixed after vortexing beads. α5β1 and αVβ3 (20 µg/ml), respectively, was added to suspended beads (10 6 beads/ml) and placed on a shaker at 300 rpm for 24 hr at 4°C. Beads were then collected by centrifugation (10000 rpm for 5 min) and washed twice with PBS to remove unbound integrin. Integrin-coated beads were blocked with 2.5% BSA-FITC (Sigma) solution for 24 hr at 4°C to limit non-specific adsorption. Finally, integrin-coated beads were re-suspended in PBS (10 6 beads/ml ) having 1 mM MnCl2 for each experimental study. For characterization of bound proteins (α5β1 integrin, αVβ3 integrin, and BSA-FITC) to the microbeads. Detailed explanation on characterization of bound proteins to the microbeads is provided in the Supplementary Information.
For the integrin-FN binding assay, FN-coated GO and RGO substrates were placed in 12well plates and covered with integrin-coated beads, allowed to bind at room temperature for 1 hour followed by rinsing several times with PBS to remove unbound beads. Rinsed samples were imaged using confocal laser scanning microscopy (LSM 510).
Alkaline Phosphatase (ALP) activity and differentiation
ALP expression of hMSCs on pristine and FN-coated GO and RGO substrates was studied in presence and absence of serum. Pristine and FN-coated GO and RGO substrates were placed in 12-well plates and seeded with hMSCs (1x10 5 cells per well) in media in the presence and absence of serum. After 3 and 7 days, cells on different GO and RGO substrates were collected and incubated with BioTracker™ CyP AP dye (10 μM) (Millipore) in MEM medium for 30 min at 37 °C followed by PBS washing. 47 Cellular ALP activity catalyzes cleavage of the phosphate group in CyP, emitting fluorescence in the near-infrared spectrum, which was quantified using laser scanning microscopy (LSM 510) with an excitation wavelength at 635 nm and emission wavelength at 680−780 nm in the spectral detector.
To evaluate the osteogenic differentiation ability of neat GO and RGO, FN-GO and FN-RGO, hMSCs (1x10 5 cells per well) were cultured on respective surfaces in absence and presence of serum without any osteogenic supplements for 21 days. In vitro mineralization was analyzed by quantifying the calcium deposition at 21 day using 2% Alizarin red S (ARS, Sigma) dye as reported in literature. 48 For quantification, the ARS stain was dissolved in 0.2 mL of 5% SDS in 0.5 N HCL for 30 min and absorbance of the solubilized stain was measured at 405 nm using a plate reader (Tecan, Germany).
Statistical analysis
Significant differences between the groups were analysed using 1-way ANOVA (analysis of variance) with Tukey's test for multiple comparisons used for statistical analysis. Differences were considered statistically significant for p < 0.05 and indicated by symbols in the figure.
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